35 Benthic cyanobacterial proliferations in rivers are have been reported with increasing 36 frequency worldwide. In the Eel and Russian rivers of California, more than a dozen dog deaths 37 have been attributed to cyanotoxin toxicosis since 2000. Periphyton proliferations in these 38 rivers comprise multiple cyanobacterial taxa capable of cyanotoxin production, hence there is 39 uncertainty regarding which taxa are producing toxins. In this study, periphyton samples 40 dominated by the cyanobacterial genera Anabaena spp. and Microcoleus spp. and the green 41 alga Cladophora glomerata were collected from four sites in the Eel River catchment and one 42 site in the Russian River. Samples were analysed for potential cyanotoxin producers using 43 polymerase chain reaction (PCR) in concert with Sanger sequencing. Cyanotoxin 44 concentrations were measured using liquid chromatography tandem-mass spectrometry, and 45 anatoxin quota determined using droplet digital PCR. Sequencing indicated Microcoleus sp. 46 and Nodularia sp. were the putative producers of anatoxins and nodularins, respectively, 47 regardless of the dominant taxa in the mat. Anatoxin concentrations in the mat samples varied 48 from 0.1 to 18.6 μg g -1 and were significantly different among sites (p < 0.01, Wilcoxon test); 49 however, anatoxin quotas were less variable (< 5-fold). Dihydroanatoxin-a was generally the 50 most abundant variant in samples comprising 38% to 71% of the total anatoxins measured. 51 Mats dominated by the green alga C. glomerata contained both anatoxins and nodularin-R at 52 concentrations similar to those of cyanobacteria-dominated mats. This highlights that even 53 when cyanobacteria are not the dominant taxa in periphyton, these mats may still pose a serious 54 health risk and indicates that more widespread monitoring of all mats in a river are necessary. 55 56 57 58 59 60 61 62 63 64 65 66 67 68 1. Introduction 69 70 Reports of toxic benthic cyanobacterial proliferations have been described over the past 30 71 years [e.g. 1, 2, 3] and are now increasing in frequency globally [4-9]. Despite these reports, 72 investigations into benthic cyanotoxin producers, and variability in toxin production are limited 73 [7]. Many benthic cyanobacteria are now known to produce cyanotoxins, for example, 74 Anabaena, Phormidium, Lyngbya, Oscillatoria, Nostoc, Nodularia and Microcoleus. While 75 these taxa are often dominant in proliferations [7], they are also common components of 76 periphyton mats where other algae are more abundant [e.g. Cladophora glomerata; 10, 11], 77 and the risks these mats pose is relatively unknown. 78 79 Cyanotoxins are typically classified by their different toxicological properties into neurotoxins 80 (e.g., anatoxins and saxitoxins [STXs; 12], hepatotoxins (e.g., microcystins [MCYs], 81 nodularins [NODs] and cylindrospermopsins [CYNs]), cytotoxins and dermatotoxins [13, 14]. 82 Among benthic cyanobacteria, anatoxins are the most commonly reported cyanotoxin. 83 Anatoxins comprise four main structural congeners; anatoxin-a (ATX), dihydroanatoxin-a 84 (dhATX), homoanatoxin-a (HTX) and dihydrohomoanatoxin-a (dhHTX), and their relative 85 proportions vary in environmental samples [15]. 86 87 Recently toxic benthic cyanobacteria have been recorded in Californian streams (Fetscher et 88 al. 2015; Bouma-Gregson et al. 2018; Anderson et al. 2018). Anatoxins, MCYs, NODs and 89 CYNs have all been recorded in the mats and in samples collected using solid-phase absorption 90 toxin tracking (SPATT) samplers [16, 17]. A number of sites on the Eel and Russian rivers in 91 Northern California regularly experience benthic cyanobacterial and chlorophyte proliferations 92 [16]. The mats at these sites contain assemblages comprised of a variety of cyanobacterial 93 genera known to produce cyanotoxins. Extensive mats dominated by the green alga 94 C. glomerata, are often also present at these locations, with low levels of cyanobacteria in the 95 mats. There is uncertainty about which genera in these systems are producing toxins, although 96 Microcoleus has been identified as an anatoxin producer in the Eel River using assembled 97 metagenomes [18], and cultures of Microcoleus isolated from the Russian River also produce 98 anatoxins [19]. Both toxic and non-toxic genotypes occur in the genus Microcoleus, and these 99 genotypes can be present at varying relative abundances in environmental mats [15, 20], 100 resulting in considerable spatial variability in anatoxin concentrations of mats within short 101 distances. 102 103 Identifying cyanotoxin producers with culture-based studies can be prohibitively costly 104 considering the range of potential toxic taxa present and the spatial variability in toxin 105 production; however, molecular techniques (e.g., PCR and quantitative PCR) can be used to 106 screen for the presence of genes involved in cyanotoxin biosynthesis. These techniques, 107 coupled with DNA sequencing, can provide a strong indication of the toxin producers in 108 environmental samples and this information can then be used to guide culturing of selected 109 species. Molecular assays to determine the concentration of anaC gene copies using 110 quantitative PCR (qPCR) and droplet digital PCR (ddPCR) have recently been developed and 111 allow the toxin quota (amount of toxin per toxic cell) to be determined [15, 20]. Comparisons 112 of toxin quota, combined with data on the physicochemical conditions at the time of sampling, 113 may provide insights into the drivers of anatoxin production. 114 115 To gain a better understanding of the diversity of cyanotoxins and cyanotoxin producers in the 116 Eel and Russian rivers of Northern California, this study aimed to: (1) identify potential benthic 117 cyanotoxin producers, (2) assess spatial variability in anatoxin concentrations and quotas 118 within and between mats, sites and rivers, and (3) determine cyanotoxin levels in Cladophora-119 dominated mats. Periphyton samples were collected from the Eel and Russian rivers. PCR 120 amplification of genes involved in toxin production combined with DNA sequencing of the 121 amplified genes were used to identify potential cyanotoxin producers and liquid 122 chromatography tandem-mass spectroscopy (LC-MS/MS) was used to quantify anatoxin 123 congeners, nodularin-R (NOD-R) and MCYs. Spatial variability in anatoxin concentrations 124 and anatoxin quotas were investigated by combining toxin concentrations determined by LC-125 MS/MS with ddPCR quantification of anaC gene copies. 126 127 2. Materials and Methods 128 129 2.1 Environmental sample collection 130 131 Sampling sites were chosen in the Eel and Russian rivers in Northern California. The riverbeds 132 at the sampling sites were comprised of gravel, cobble or boulders. The four sites in the Eel 133 River watershed were sampled on 29 July 2018 and spanned upstream drainage areas of 17 km 2
304 glomerata were identical to the above sequences from the cyanobacteria-dominated samples.
305 Saxitoxin and cylindrospermopsin genes were not detected in any of the samples.
